In a conventional positron source driven by a few GeV electron beam, a high amount of heat is loaded into a positron converter target to generate intense positrons required by linear colliders, and which would eventually damage the converter target. A hybrid target, composed of a single crystal target as a radiator of intense gamma-rays, and an amorphous converter target placed downstream of the crystal, was proposed as a scheme which could overcome the problem. This paper describes the development of an intense positron source with the hybrid target. A series of experiments on positron generation with the hybrid target has been carried out with a 8-GeV electron beam at the KEKB linac. We observed that positron yield from the hybrid target increased when the incident electron beam was aligned to the crystal axis and exceeded the one from the conventional target with the converter target of the same thickness, when its thickness is less than about 2 radiation length. The measurements in the temperature rise of the amorphous converter target was successfully carried out by use of thermocouples. These results lead to establishment to the evaluation of the hybrid target as an intense positron source.
Introduction
The next-generation linear colliders, such as the International Linear Collider (ILC) [1] and the Compact Linear Collider (CLIC) [2] , require a large amount of positrons in short time periods. In particular, the ILC requires a positron beam with the bunch population of 2 × 10 10 , the bunch separation of 332 ns and 1,312 bunches in a bunch train with the train repetition rate of 5 Hz. The design luminosity of the order of 10 34 cm −2 s −1 equals the value of the KEKB synchrotron [3] , which has the highest luminosity in electronpositron colliders. To realize such high luminosity, the ILC requires acceleration and collision of intense electron and positron beams. The detail of the issues and the RD of the ILC is described in [1] . Among those issues, the development of an intense positron source is a key to realize the linear collider.
Conventionally, positrons are generated by impinging an electron beam of a few GeV into a converter target via electromagnetic cascade processes. The converter target is typically a high-Z material such as the tungsten with a thickness of 4 to 6 radiation lengths, which is nearly equal to the depth of the shower maximum. Since the converter target is easily damaged by the heat load associated with the development the cascade, conventional systems suffer from limitations on the positron yield due to the heat load. The damage of the converter target was quantified under the operating condition of SLC at SLAC National Accelerator Laboratory (formerly Stanford Linear Accelerator Center) [4] .
A different approach for generating positrons, which would overcome the heat load problem, is impinging gamma-rays into the converter target instead of electrons. By using combination of initial photons above O(10 MeV) and a thin high-Z material converter target, positrons are produced in the converter target dominantly via electron-positron pair production from initial photons and the energy deposition is reduced.
In addition, by keeping the distance between the source of photons and the converter target, the photon beam spot size on the converter target can be increased for relaxing the localized energy deposition. If intensity of the incident gamma-ray is enough and the thickness of the converter target is appropriately chosen, it may be possible to reduce the heat load in the converter target while ensuring the required positron yield. For example, the ILC has adopted the positron source driven by gamma-rays using a long magnetic undulator.
There is a method based on gamma-ray which uses a crystal assisted radiation. It was proposed by R.
Chehab and his colleagues at LAL d'Orsay [5] , and experimental studies has been carried out with the 1.3-GeV synchrotron in Institute for Nuclear Study, the University of Tokyo [6] , at CERN with the experiment WA 103 [7, 8] and the KEKB linac at KEK [9] . Simulations have shown [10] that a crystal converter presents the advantage of less energy deposition than the equivalent amorphous converter (giving the same positron yield). However, to avoid significant energy deposition in the crystal, due to large incident beam power, which could affect the available string potential -due to thermal vibrations -a separation between the thin crystal-radiator and the thicker amorphous converter led to the hybrid source scheme. Moreover, using a dipole magnet in between to remove the charged particles is reducing considerably the energy deposition and the peak energy deposition density. This last scheme is considered, here, as the hybrid target. In 2007, the hybrid target scheme was proposed by Chehab, Strakhovenko and Variola [11] as a possible way to generate intense positrons required by CLIC or ILC. In this article, we report results of experimental studies to investigate feasibility of the hybrid target as an intense positron sources.
A crystal assisted radiation
When a charged particle enters parallel to a crystal axis or planes in a crystal material, the transverse electric field of the axis or the planes constrains the particle motion in the transverse direction; it is known as the channeling effect. In particular, an electron is captured by the strong field of an atomic string, which is called the axial channeling [12] . The average crystalline potential of an isolated atomic string U (r) is approximately expressed as
where a T F is the Thomas-Fermi screening radius, Z is the atomic number of the crystal, d is the interatomic spacing in the string, e is the electric charge, and r is the distance from the axis [13] . If the transverse kinetic energy p
2
T c 2 /2E of the incident electron with respect to the strings is smaller than the depth U 0 = |U (0)| of the potential and if the entrance point is close enough to a string, the electron is trapped in the potential well and travels along the axis for some distance depending mainly on its energy. The transverse energy of the electron can be written in the form
where p T is the transverse component of the electron momentum p, and c is the velocity of light. Considering that p T is much smaller than p, the incident angle ψ with respect to the axis can be written as ψ = p T /p z , and we can transpose expression (2) to
where v is the velocity of the electron. The channeled electron, which is in a bound state of E T < 0 moves along a screw-like trajectory about the axial direction as shown in a drawing of figure 1. The incident electrons have a critical angle of capture ψ L , so-colled the Lindhard angle:
For the crystal axis 111 of tungsten used in this experiment, the U 0 is 979 eV, and the angle ψ L is 0.495 mrad at an incident electron energy of 8 GeV.
Channeled electrons emit strong radiation; the channeling radiation. The intensity of the radiation is expressed in the form
wherev T is the transverse acceleration of the electron which moves according to the condition of (3), and [14] . The channeling radiation has much larger intensity and shorter wavelengths than that of a magnetic undulator, due to the strong field of atoms that causes a short period oscillation with the order of some µm in the longitudinal direction with the amplitude of the order of an interatomic distance.
For the 111 axis of tungsten with the incident electron energy of 8 GeV, it was found by numerical simulations that the intensity of low energy gamma-rays (≤ 30 MeV) is ten times higher than that of nominal bremsstrahlung. Figure 2 shows the comparison of the photon spectra obtained from a 1.4 mm of tungsten crystal and a 1.4 mm tungsten amorphous converter, the electron energy being 5 GeV.
When electrons enter into the crystal with larger angle than ψ L , they are no longer trapped by the crystallline potential but are still affected by it. This situation has been discussed in [15] : the radiation becomes synchrotron like, below a critical incidence angle ψ 0 = U 0 /mc 2 , where m is the rest mass of an electron. The angle ψ 0 is 1.92 mrad for U 0 = 979 eV which is about 4 times larger than the critical angle of channeling effect.
There is another effect known as coherent bremsstrahlung, which is the coherent radiation of successive planes or strings interfere [16, 17] . Coherent bremsstrahlung has the spectrum with high-order peaks caused by the condition of interference as,
where ω n (θ) is the circular frequency of the photon, θ is the photon emission angle, β = v/c, and d is the distance between the atoms. In the conditions of an ultrarelativistic case (β ∼ 1 − 1/2γ 2 ) and forward directing photons (θ = 0), the expression (6) is approximated to
where γ = (1 − β 2 ) −1/2 is relativistic gamma factor of the incident electron. When the energy of incident electrons E is 8 GeV,hω = 4 GeV (= E/2) for ψ = 2.08 mrad. Therefore the contribution from coherent bremsstrahlung could be expected up to the energy region around a few GeV in the experiment. 
Experimental setup and schemes
A series of experiments on positron generation were performed at KEK, Tsukuba, Ibaraki, Japan. A schematic drawing of the hybrid target, which was composed of a single crystal target to produce gammarays and an amorphous converter target made of tungsten to generate positrons, is shown in figure 3 , and the experimental setup installed in the 3rd switchyard of the KEKB linac [18] The geometrical acceptance of the detector was 0.22 msr which was defined by the collimator just before the detector. For the data analysis, which is described in section 4. 2, the efficiency of the detector system was evaluated by the simulation which took into account geometrical configuration of all components. The detector comprised lucite Cherenkov counter, its output is proportional to the number of incident positrons to the detector. Thermocouples were stuck on the back surface of two amorphous converter targets (8 mm and 18 mm) to measure the temperature from which we expect to get information of the heat load on the converter target due to the cascade shower.
The positron yield was investigated in three experimental setup as shown in figure 5 . The first one was the conventional scheme in which the incident electron beam with energy of 8 GeV directly irradiated the amorphous converter target. The second was the hybrid on axis, and the last is the hybrid off axis. In these schemes, the single crystal target is inserted into the beamline. Charged particles coming out from the crystal were swept out by the sweeping magnet and only photons from the crystal were directed to the amorphous converter target. The crystallographic axis is aligned with the direction of the incident electron beam at the on axis, but not at the off axis scheme, respectively. Therefore, the enhancement effect by the crystal assisted radiation occurs only in second scheme. In these three schemes, five converter
targets with different thicknesses were tested in order to measure the thickness dependence in the generated positron yield. Momentum dependence in the positron yield was also measured with the analyzing magnet.
The contribution of the background for the conventional scheme were estimated by the data taken without converter targets on the beamline. As for the background estimation in the hybrid schemes, the crystal was removed from the beamline and the sweeping magnet was turned on; only the synchrotron radiation from incident electrons was irradiating the converter target.
Transverse 
Measurement of the positron yield

Goniometer angle dependence of the positron production
To confirm the intensity enhancement of the gamma-rays by the crystal, the positron yield was measured while changing relative angle between the crystalline axis 111 and the electron beam axis. The enhancement of the positron yield at the specific angle (rocking curve) was observed as shown in figure 6 . We empirically found that the data can be well fitted by a sum of two Lorentz functions:
with A, B, θ , Γ 1 and Γ 2 being fitting parameters. The results of the fitting are given in table 3. The facts that 1) the data were fitted with the sum of the two function and 2) the widths Γ 1 and Γ 2 are wider than the critical angle of the channeling radiation (0.495 mrad) indicates the appreciable contribution of several radiation processes described in section 2 and associated, in significant part, to above barrier particles. Table 3 : The results of the fitting in the horizontal and vertical rocking curve.
Evaluation of the positron yield
To evaluate the experimental data quantitatively, numerical simulations were perfomed by using the GEANT4 (9.4 Patch-01) [19] and the FOT code [20, 21] . The FOT simulates electromagnetic interactions taking into acount channeling radiation, coherent and incoherent bremsstrahlung, and the transmission of electrons (or positrons) in the crystal. We applied the FOT code to simulate the processes in the crystal for the case of the hybrid on axis configuration. The mosaic spread of the crystal was not taken into account in this simulation. For the simulation of the hybrid off axis configurations, we put amorphous tungsten of 1-mm thick and used the GEANT4 since processes in the off axis case is same with the ones in the amorphous.
The positron intensities in the experimental results were normalized with those in the simulations obtained in conventional scheme, because it is known that the GEANT4 is highly reliable in calculation accuracy and reproducibility. Figure 7 shows the thickness dependence of the positron yield for the conventional, the hybrid on axis and the hybrid off axis at the momentums of 20 MeV/c, 10 MeV/c and 5 MeV/c, where the experimental data were normalized independently for each momentum. In all analyzed momenta, the yields were the greatest at the thickness of 18 mm in the conventional scheme. This thickness equals to the the shower maximum of electromagnetic cascade for a 8-GeV electron beam and amorphous tungsten. It should be mentioned that the positron yield in the hybrid on axis scheme is greater than that of the conventional scheme when the thickness of the converter target is thinner than 8 mm. This result comes from a main characteristics of the hybrid target system; i.e. positrons can be directly created via pair creation. In the case of the unaligned crystal axis, that is the hybrid off axis scheme, the yield decreases against the on axis as discussed in section 4.1. Comparing the experimental data with the simulations, both results agree with each other on the thickness dependence in the off axis. As regards the on axis case, the simulation is about 20 % larger than the experiment while overall behavior is well reproduced. It indicates that the evaluation of radiation processes in the crystal by FOT needs to be improved for the absolute yield of low energy photons.
The comparison in momentum dependence between experimental results and simulations is shown in figure 8 for the conventional scheme. Unlike the comparison in figure 7 , a common normalization factor was used for all momenta. If the acceptance were correctly reproduced, both should have agreed with each other regardless of the analyzed momenta. It was unfortunately found that the simulation did not completely reproduce the experiment in regard to momentum dependence. This would mean that the experimental environment, e.g. the arrangement of collimators, was not reproduced accurately in the simulation. However, it does not directly concern the estimate of FOT because of the high reliableness of GEANT4. The simulation using GEANT4 is actually reproduced with high accuracy in the thickness dependence as shown in figure 7 . 
Temperature measurement
Estimation of the heat load in the converter target is an important information to evaluate survivability of the target in the positron source operation. However, the direct measurement of the heat load caused by the electromagnetic shower is not a trivial task. Therefore, simultaneously with the positron yield, we measured temperature of the converter target as an estimation of the heat load.
Type K thermocouples with a sensitive area of 1 mm × 1 mm were used to measure the temperature rise.
They were pasted on the back surface of the 8-mm thick and the 18-mm thick amorphous converter targets.
Compensating leadwires connected to the thermocouples were laid to the monitoring room. the holder. Figure 9 shows the measured temperature rise in one second corresponding to an irradiation of singlebunch. As is seen from the figure, there was a noise from the 50-Hz power line in the data. To evaluate the temperature variations due to the electromagnetic shower in the converter, the data were fitted with the function f (t) as
where a, τ 1 , τ 2 , t 0 , δ, b are the amplitude of temperature rise, decay time and rise time of the temperature, time offset of the temperature rise, overall time offset including 50-Hz noise, and the amplitude of the noise, respectively.
The result of the measurements in regard to three schemes of targets with the 8-mm thick and the 18-mm thick converter targets is shown in table 4. It was found that the slight temperature rise of 0.1
• C, corresponding to the case of the hybrid off axis scheme with the 8-mm thick, was able to be measured using the thermocouple. The decay time constant was sufficiently greater than the resolution time of the measurement instrument. Figure 10 shows a correlation between the measured temperature rise and the energy deposition density (EDD) at the back end of converter targets computed with a simulation, where the EDD is defined by unit of GeV/cm 3 and is the localized energy deposition in the converter target. It is found that the temperature rise is proportional to the EDD and that the EDD could be evaluated by measuring the variation in the temperature rise measurements. 
Conclusion
We clearly observed the increase of positron yield when the crystal axis is aligned to the electron beam.
The width of the rocking curve was wider than the critical angle of the channeling effect or the angular spread of the incident electron beam, that was consistent with previous experiment indicating appreciable contribution of radiation from other than the channeling effect. This fact is advantageous in practical operation, since it relaxes the precision of the alignment of the crystal target to the electron beam.
Since it has been confirmed that the simulation reproduces the experimental data, one would be able to perform the optimization in designing a positron source with the hybrid target by using the simulation.
According to the initial simulation, the angular spread of the positrons from the hybrid target was wider than the conventional target. Because of small angular acceptance of current experimental set up, what we observed in figure 7 is smaller a part of the yields for the hybrid target than those for the conventional target. In addition, the tungsten crystal may not be the best choice for the electron-photon converter.
Constructing the optimum target and positron capture section by using the simulation may give us the final conclusion of the ability to produce more positrons.
The result of temperature rise measurement gives us basic information about to evaluate the energy deposition in the positron converter target. We need further study to evaluate relation between the measured temperature and energy deposition, however, it will be applicable to any positron target system once it is established.
To evaluate the yield performance in the hybrid target, a simulation including a capture system is planned. To advance designs of the hybrid target, it is important to select the crystal material that gives the highest enhancement in gamma-rays, and to develop the converters with an efficient cooling system. On the temperature measurement, we plan to measure a spatial distributions in the temperature rise measurement with arrayed thermocouples.
